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ABSTRACT Acanthamoeba myosin I heavy chain kinase
(MIHCK) phosphorylates the heavy chains of amoeba myo-
sins I, increasing their actin-activated ATPase activities. The
activity of MIHCK is increased by binding to acidic phospho-
lipids or membranes and by autophosphorylation at multiple
sites. Phosphorylation at a single site is necessary and suffi-
cient for full activation of the expressed catalytic domain. The
rate of autophosphorylation of native MIHCK is controlled by
a region N-terminal to the catalytic domain. By its substrate
specificity and the sequence of its C-terminal catalytic do-
main, MIHCK was identified as a p21-activated kinase (PAK).
We have now cloned the full-length genomic DNA and cDNA
of MIHCK and have shown it to contain the conserved
p21-binding site common to many members of the PAK family.
Like some mammalian PAKs, MIHCK is activated by Rac and
Cdc42, and this activation is GTP-dependent and accompa-
nied by autophosphorylation. In contrast to mammalian
PAKs, activation of MIHCK by Rac and Cdc42 requires the
presence of acidic lipids. Also unlike mammalian PAK, MI-
HCK is not activated by sphingosine or other non-negatively
charged lipids. The acidic lipid-binding site is near the N
terminus followed by the p21-binding region. The N-terminal
regulatory domain of MIHCK contains alternating strongly
positive and strongly negative regions. and the extremely
Pro-rich middle region of MIHCK has a strongly acidic
N-terminal segment and a strongly basic C-terminal segment.
We propose that autophosphorylation activates MIHCK by
neutralizing the basic segment of the Pro-rich region, thus
unfolding the regulatory domain and abolishing its inhibition
of the catalytic domain.

Myosin I heavy chain kinase (MIHCK), originally purified
from Acanthamoeba castellanii (1, 2), phosphorylates a serine
or threonine residue approximately at the middle of the
catalytic domain of the single heavy chain of the amoeba
myosins I (3) and enhances their actin-activated MgATPase
activity (1, 4). The regulation of the activity of native, purified
MIHCK has been studied extensively (for review, see ref. 5).
Activity is greatly enhanced by binding to acidic phospholipids
(6–8) or native plasma membranes (9) and even further by
acidic phospholipid- or membrane-enhanced, intermolecular
autophosphorylation at multiple sites (6, 9); calciumycalmod-
ulin inhibits activation by lipids (10). Studies performed on
proteolytic fragments of the purified protein (10–12) and on
the expressed catalytic domain (13–16) established the pres-
ence of two regulatory regions: a single serine in the catalytic
domain [which spans the C-terminal 35 kDa (12)] whose
phosphorylation is necessary and sufficient for activity (15)
and a short region at the N terminus of the 97-kDa native
enzyme whose binding to acidic phospholipids or removal by

proteolysis enhances kinase activity and autophosphorylation
(10, 11).

The previously determined sequence of its catalytic domain
(13) and its substrate specificity in vitro (14, 17) identified
MIHCK as a member of the p21-activated kinase (PAK)
family, of which the best characterized members are mamma-
lian PAKs and yeast STE20. Mammalian PAKs were originally
discovered as targets for two small GTP-binding proteins
(p21s)—Rac and Cdc42—which, in their GTP-bound state,
bind to and activate PAKs (18). As with MIHCK, activation of
PAK and STE20 is accompanied by kinase autophosphoryla-
tion at multiple sites including one within the catalytic domain
(18–23).

Although all members of the PAK family have highly
homologous catalytic domains, not all PAKs, despite their
names, bind p21s (for reviews on PAK family see refs. 24–26).
The ability to bind p21s is determined by the presence of a
conserved p21-binding domain (PBD) located outside of the
catalytic domain. The p21-binding domain consists of a short
Cdc42yRac interactive binding (CRIB) sequence, which con-
tains 8 highly conserved residues (27) followed by a less
conserved, '40-aa region (28–30).

In this paper, we report the complete amino acid sequence
of MIHCK as deduced from the full-length genomic DNA and
cDNA. MIHCK has a p21-binding site, with six of eight
conserved CRIB residues, near its N terminus. As with some
mammalian PAKs, the activity of MIHCK is stimulated by a
GTP-dependent interaction with Rac and Cdc42 and not by
Rho, but unlike the mammalian PAKs, this activation requires
the presence of acidic lipids. From the sequence and previous
experiments with proteolytic fragments of native enzyme, the
putative acidic lipid-binding site is tentatively identified, and
the implications of the highly polarized distribution of positive
and negative amino acids for the mechanism of regulation of
kinase activity are discussed.

MATERIALS AND METHODS

Isolation of MIHCK Genomic DNA. Genomic DNA was
purified by using the Qiagen (Chatsworth, CA) Genomic DNA
kit and digested with either SalI, XhoI, XbaI, or BamHI
restriction enzymes (Stratagene). The digests were electro-
phoresed on agarose, transferred to nitrocellulose, and probed
with probe A (31). Probe A (358 bp, residues 1470–1827 in the
cDNA sequence) was generated by PCR using MIHCK cata-
lytic domain cDNA as the template. Because the XbaI digest
had the largest band (4.5 kb) by Southern blotting, a prepar-
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ative XbaI digest was prepared. The region of the gel contain-
ing DNA fragments between 4.3 and 4.7 kb was electroeluted,
and the DNA was ligated to the ZAP Express vector (Strat-
agene), digested with XbaI, and packaged by using Gigapack
II XL packaging extract (Stratagene) according to the manu-
facturer’s protocol. The sublibrary was plated by using XL1-
Blue MRF9 competent cells, titered, and screened by using
probe A. The excised pBK-CMV phagemid vector containing
possible clones of the desired insert were analyzed by using
restriction digests. One clone was subjected to automated
sequencing (Seqwright, Houston).

Isolation of MIHCK cDNA. Total Acanthamoeba RNA was
isolated from washed cells by using the RNA isolation kit
(Stratagene), and mRNA was isolated by using the Poly(A)
Quik mRNA isolation kit (Stratagene). A cDNA library was
constructed by using the ZAP Express cDNA synthesis kit
(Stratagene). First-strand cDNA was synthesized by using a
mixture of primers A, B, and C [Poly(A)]. The library was
packaged by using the Gigapack III packaging extract (Strat-
agene), plated by using XL1-Blue MRF9 competent cells,
titered, and amplified according to the supplied protocols. Two
probes were designed to screen the cDNA library. Probe N
(226 bp, residues 120–345 in the cDNA sequence) was gen-
erated by PCR using the genomic DNA clone as a template.
Probe C (306 bp, residues 1946–2251 in the cDNA sequence)
was generated by PCR using the MIHCK catalytic domain
cDNA as the template. The cDNA library was initially
screened by using probe N. The positive plaques were replated
and screened a second time with probe N and probe C to
ensure a full-length clone. The phagemids were excised; po-
tential positive clones were analyzed by restriction digests, and
four (clones 26, 43, 45 and 49) were sequenced (Seqwright).
Clone 26 was full-length but had three mutations relative to the
genomic DNA: T was substituted for C at position 1095, which
still coded for Arg; GCG was inserted following position 1144,
which added an Ala residue; and G was substituted for A at
position 1168, which changed Thr to Ala. Clone 43 was missing
23 bp at the 59 end but continued through to the Poly(A) at the
39 end. Clone 45 was full length, but residues 611–613 were
deleted, resulting in the loss of a Gln residue. Clone 49 was
missing 23 bp at the 59 end but continued through the Poly(A).
In clone 49, the regions that were mutated in clones 26 and 45
were the same as in the genomic DNA sequence.

Proteins and Lipids. MIHCK was purified from Acan-
thamoeba castellanii as described (10, 32). Human Rac1,
Cdc42, and Rho were expressed in E. coli with His tag or
glutathione S-transferase (GST) at the N terminus and puri-
fied on Ni-NTA or glutathione-agarose, respectively. The lipid
sources were as follows: phosphatidylserine, phosphatidylino-
sitol, phosphatidylcholine, and ceramide were from Avanti
Polar Lipids (catalogue nos. 840032, 840042, 840053, and
860052, respectively); phosphatidic acid, oleic acid, linoleic
acid, and sphingosine were from Sigma (catalogue nos. P-9511,
O-7501, L-8134, and S-6879, respectively). Lipid vesicles and
fatty acid micelles were prepared as described (6) by drying a
chloroform solution of lipid under argon and then sonicating
in water in a bath sonicator until the mixture became trans-
lucent.

Enzymatic Assays. MIHCK activity was measured by using
as substrate synthetic peptide PC9 [GRGRSSVYS, the se-
quence around the phosphorylation site (italicized Ser) of
Acanthamoeba myosin IC (3)] as described (7). Briefly, reac-
tions were started by adding 0.24 mg (final concentration 30
nM) of MIHCK to 0.1 ml (final volume) of reaction mixture
containing (final concentrations) 50 mM imidazole (pH 7.5),
3.5 mM MgCl2, 2.5 mM [g-32P]ATP (30,000 cpmynmol), 1 mM
EGTA, 0.2 mgyml BSA, and 200 mM PC9. When specified, the
reaction mixture included 10 ml of GTP-binding proteins in
exchange buffer (see below) andyor lipids. Reactions were
stopped with acetic acid for measurements of PC9 phosphor-

ylation and with SDS sample buffer for measurements of
kinase autophosphorylation. To ensure that Rac, Cdc42, and
Rho were in the guanosine 59-[g-thio]triphosphate-
(GTP[gS])-bound or GDP-bound state, the proteins (0.1–0.4
mgyml) were incubated for 10 min at 30°C in exchange buffer
containing 12.5 mM Tris (pH 7.5), 5 mM EDTA, 0.5 mM DTT,
and 2 mM GDP or GTP[gS]. MgCl2 was then added to a final
concentration of 10 mM. Samples were kept on ice and used
within 30 min. The GTP-binding proteins were added to the
assay cocktail just before the kinase at final concentrations of
1–2 mg of His-tagged and 2–4 mg of GST-coupled proteins in
100 ml of reaction cocktail. The extent of kinase activation was
the same within this range and did not change with further
increase in the concentrations of GTP-binding proteins. In
contrast to mammalian PAKs (18), Acanthamoeba MIHCK
slowly but completely autophosphorylates in vitro in the ab-
sence of activating factors, ultimately (under appropriate
conditions) reaching full enzymatic activity (6). Acidic lipids
increase the rate of kinase autophosphorylation and enhance
its ability to phosphorylate myosin I and peptide substrates (6,
7). Activation by lipids is greatest under conditions in which
autophosphorylation in the absence of lipids is lowest and
acidic lipids do not activate fully phosphorylated kinase (7).
Therefore, short incubation times and low temperatures gen-
erally were used to study activation of MIHCK by lipids and
p21s.

RESULTS

Cloning of Full-Length MIHCK DNA. To obtain a highly
specific probe for cDNA screening, MIHCK genomic DNA
was first cloned from a MIHCK-enriched Acanthamoeba
genomic library. The 4.5-kb genomic DNA clone contained
1,911 bp 59-terminal to the first coding ATG and 75 bp
39-terminal to the stop codon. Full-length MIHCK cDNA was
obtained by screening a MIHCK-enriched Acanthamoeba
cDNA library with a 225-bp probe corresponding to the 59-end
segment of the MIHCK gene. The cloning procedure and the

FIG. 1. Schematic illustration of cloning of Acanthamoeba MIHCK
genomic DNA and cDNA. Genomic DNA was cut with XbaI and the
digestion mixture was probed with probe A. A genomic DNA library
constructed from the positive band was screened with probe A, and
one of the positive clones (4.5 kb) was fully sequenced. A cDNA library
was constructed by using poly(A) primer (primer C) and two gene-
specific primers (primer B and primer A), screened with probes N and
C, and 2 of over 50 positive clones were fully sequenced, and 2 were
partially sequenced. For further details see Materials and Methods. The
numbering in the figure corresponds to the cDNA beginning at the first
coding ATG. The positions and sizes of the introns in the genomic
DNA are marked. The diagonal lines define the previously cloned
catalytic domain. The complete genomic and cDNA sequences are
available in GenBank under accession numbers AF104910 and
U67056, respectively.
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positions and lengths of the introns in the genomic DNA are
shown in Fig. 1.

The Deduced Amino Acid Sequence of MIHCK. MIHCK
contains 753 residues with a calculated molecular mass of 79.3
kDa (Fig. 2), which is substantially lower than the apparent
mass of 97 kDa estimated from the mobility of native MIHCK
on SDSyPAGE (6). This difference could be explained if some
of the 59-terminal sequence were missing from the cDNA, but
this is highly unlikely as neither the cDNA nor the genomic
DNA (which had 1.9 kb 59 to the first ATG in the cDNA
sequence) contained any obvious translation start sites other
than the first ATG in the ORF of the cDNA. Also, the
difference between the SDSyPAGE masses of the 97-kDa
full-length native kinase and its 90-kDa C-terminal chymot-
ryptic fragment (Fig. 3, F90) (11) is more than accounted for
by the calculated mass of residues 1–100 (10.5 kDa) that are
removed by chymotryptic cleavage. The more probable reason
for the differences between the apparent and calculated
masses is the high proline content ('40%) between residues
158 and 449 of MIHCK (Fig. 2). This is consistent with the
observation that all of the C-terminal proteolytic peptides
derived from native kinase that contain some or all of the
Pro-rich region migrate on SDSyPAGE (11, 12) with apparent
masses higher than their calculated masses (12, 13). For
example, the calculated masses of the previously described (11)
C-terminal fragments that migrate in SDSyPAGE as proteins
of 90 kDa and 54 kDa (see Fig. 3) are 69 kDa and 47 kDa,
respectively, whereas the calculated and apparent masses (12,
13) of the C-terminal catalytic domain, which does not contain
any of the Pro-rich region, are identical.

Detailed Analysis of the MIHCK Sequence. Residues 93–
149 of MIHCK (Figs. 2 and 4) correspond to the PBD, which
is characteristic of many members of the PAK family and other
p21-binding proteins (24, 25, 28, 33). The PBD consists of the
CRIB motif, residues 93–106 in MIHCK [as defined by
Burbello et al. (27)], and the next 43 residues (residues 107–149
in MIHCK). Recently, the CRIB region and the following 16
residues of aPAK (Fig. 4) were shown to be required for
binding of p21s (29, 30). Although MIHCK has 14 of the 18
residues that typically are conserved in the entire PBD (30),
including 6 of the 8 typically conserved CRIB residues, the
differences in this region between MIHCK and other PAKs
may underlie the significant differences in their interactions
with p21s (see below). For example, the highly conserved
His-83 in the CRIB region of aPAK that is thought to be
important for its binding of, and regulation by, p21s (29, 34) is
replaced by Arg-101 in MIHCK (Fig. 4).

The region between the p21-binding domain and the cata-
lytic domain of MIHCK, residues 158–449, is extremely Pro-
rich and includes multiple PXXP motifs that have been shown
to bind to SH3 domains (35, 36). This is of special interest
because the Acanthamoeba myosins I—the substrates of MI-
HCK—contain SH3 domains in their C-terminal tails (37).
There are three stretches of 5–7 prolines between residues 158
and 200. In addition to these stretches, there are 20 PXXP
motifs (some of them overlapping) between residues 200 and
450, of which 8 are PPRP. One, 284RGLPPRPGA292,
matches exactly the consensus sequence of peptides that bind
with high affinity to the SH3 domain of phosphatidylinositol-
3-kinase—RXLPPRPXX, where X is any residue other than
cysteine, residues critical for SH3 binding are in boldface, and
residues that contribute less importantly are in italics (35, 36).
This specific peptide is one of the class I group of SH3-binding
motifs that occur in at least 10 proteins including human
dynamin, phosphatidylinositol-3-kinase, and GTPase activat-
ing protein (GAP) for Cdc42 (35).

Another striking feature of the MIHCK sequence is the
alternating clusters of positive and negative charges in the 450
residues N-terminal to the catalytic domain (Figs. 2 and 3).
Residues 59–71, which may contain the binding site(s) for

FIG. 4. (A) Comparison of the PBDs of MIHCK and a-PAK. The
CRIB region (27) is marked at the top of the figure. The conserved
residues from comparisons of the sequences of many p21-binding
proteins (28, 30, 33) are in bold at the top of the figure and, when
present, also in bold in the MIHCK and PAK sequences. (B) Com-
parison of regions of high sequence identity in the Pro, Gly, Ala-rich
regions of MIHCK and myosin IC.

FIG. 2. Deduced protein sequence of MIHCK. The C-terminal
catalytic domain and the p21-binding region near the N terminus are
boxed; the CRIB motif is underlined; acidic residues are in red, basic
in green, and prolines in blue. Residues 451–753 are identical to the
sequence of the previously cloned catalytic domain (13) and sequences
102–117, 198–212, 255–262, 285–299, 314–328, 437–462, and 626–640
correspond to the N-terminal sequences of seven proteolytic frag-
ments of native kinase (11, 12).

FIG. 3. Schematic representation of the MIHCK molecule. The
numbers correspond to the residue numbers in full-length kinase. The
regions of interest discussed in the text are indicated at the top of the
figure. In addition to the essential autophosphorylation site (P) shown
in the catalytic domain, there are multiple other autophosphorylation
sites (P), especially in the central, basic, Pro-rich region (ref. 12; and
see text) and possibly in the N-terminal region (?). The origins of the
proteolytic fragments described previously (11, 12), and whose prop-
erties are discussed in the text, are shown at the bottom of the figure.
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acidic phospholipids and calmodulin (refs. 24 and 25; see
Discussion), contain 8 lysine residues and only 1 aspartic acid
recidue. Not far from this highly basic region, a cluster of 5
acidic amino acids, residues 85–89, occurs just before the
CRIB sequence, and the entire region between residues 85 and
202 (which includes the CRIB sequence, the p21-binding
region, and the beginning of the Pro-rich region) is strongly
acidic, with 24 acidic and 8 basic amino acids. Acidic amino
acids are particularly concentrated in the Pro-rich 172–202
region (10 acidic residues, 2 basic residues, and 14 proline
residues). The rest of the central Pro-rich region (residues
203–450) up to the C-terminal catalytic domain is extremely
basic with 23 Arg, 1 Lys, and just 2 Asp residues. Only the very
N terminus of MIHCK (residues 1–52) and the entire C-
terminal catalytic domain (residues 451–753) have normal
distributions of charges.

Interestingly, the tail regions of the three Acanthamoeba
myosins I also contain a basic Pro-rich segment similar to that
in the central region of MIHCK (37–39). For example, residues
1020–1168 of myosin IC (39) and residues 203–450 of MIHCK
have similarly high contents of Arg, Pro, and AlayGly, and
short stretches of sequences are very similar. For example,
residues 312–348 of MIHCK are about 70% identical in
sequence to residues 1095–1127 of myosin IC (Fig. 4B). It is
tempting to speculate that these regions have similar functions
in the two enzymes. The main difference between the basic
Pro-rich regions of myosin I and MIHCK is the high SeryThr
content in MIHCK. Regions with amino acid compositions
even more similar than those of myosin I to that of the basic
Pro, Arg, AlayGly, SeryThr-rich region of MIHCK occur in
synapsin and dynamin (40, 41).

Only the catalytic domain and the p21-binding region of
MIHCK show significant sequence similarities to other mem-
bers of the PAK family. The very N terminus of MIHCK (i.e.,
the 92 residues before the CRIB motif) and the Pro-rich
central region are very unlike other PAKs and also have no
significant similarity to any other kinases. In particular, and
most surprisingly, there is no sequence similarity in these
regions even to Dictyostelium MIHCK, which not only has
(presumably) homologous substrates in vivo (myosins I with
phosphorylation sites homologous to those of the Acan-
thamoeba myosins I) but also is similarly regulated in vitro, i.e.,
activated by acidic phospholipid-enhanced, calciumycalmod-
ulin-inhibited autophosphorylation of multiple sites (42). Fi-
nally, other than the sequence around the single regulatory
phosphorylation site (Ser-627) in the catalytic domain (15),

there is no sequence in MIHCK that resembles the sequence
of the single site in the myosins I that is phosphorylated by
MIHCK (3, 7, 15).

Activation of MIHCK by Small GTP-Binding Proteins.
Although MIHCK contains a highly conserved p21-binding
region, it was not activated by Rac alone, but Rac did activate
MIHCK when phosphatidylserine also was present (Fig. 5A).
Activation by Rac was accompanied by an increase in kinase
autophosphorylation (Fig. 5B). The extent of Rac activation
depended on the assay conditions (see Materials and Methods)
and was more pronounced under conditions that minimized
activity in the presence of phospholipid alone (low phospha-
tidylserine concentration and short incubation times). Under
the assay conditions described in Fig. 5A, maximum activation
varied between 7- and 14-fold with different kinase, phospho-
lipid, and Rac preparations. Rac had no significant effect on
the activity of fully phosphorylated kinase in the absence of
phospholipid but increased the activity of fully phosphorylated
kinase about 70% when the assay was done in the presence of
phospholipid (Fig. 5C). Rac did not activate partially auto-
phosphorylated MIHCK in the absence of phosphatidylserine
(data not shown). The results were the same when the kinase
was autophosphorylated in the absence or presence of phos-
phatidylserine (data not shown). MIHCK was also activated by
Cdc42, and activation by Rac and Cdc42 was GTP-dependent
(Fig. 5D). Activation was consistently greater with Rac than
with Cdc42, and both Rac and Cdc42 were better activators
when expressed with an N-terminal poly(His) tag than were
the GST-fusion proteins (data not shown). Rho did not
activate MIHCK (Fig. 5D).

Lipid Specificity for Activation of MIHCK. We previously
showed that MIHCK is activated by phosphatidylserine and
phosphatidylinositol but not by phosphatidylcholine or phos-
phatidylethanolamine and concluded that MIHCK is activated
only by acidic phospholipids (7). We extended these studies
because of the recent demonstration that mammalian PAK can
be activated in the absence of p21s by sphingosine and
phosphatidylinositol but not by phosphatidylserine (43). As
shown in Fig. 6A, MIHCK was not significantly activated by
basic sphingosine or neutral ceramide but was substantially
activated by acidic lipids including, in addition to those pre-
viously tested, phosphatidic acid and linoleic and oleic acids.
The lipid concentration required for half-maximum activation
was consistently higher for fatty acids than for phospholipids
(data not shown), but the exact values varied somewhat with
different lipid preparations. All of the lipids that activated

FIG. 5. Activation of MIHCK by Rac and Cdc42. (A) Phosphatidylserine-dependent activation of unphosphorylated MIHCK by Rac. MIHCK
was incubated for 1 min at 20°C with synthetic peptide PC9 in the absence or presence of phosphatidylserine, at the indicated concentrations, and
in the absence (open bars) or presence (closed bars) of GST–Rac–GTP[gS]. The fold-activation by Rac is shown at the top of the bars. (B)
Autophosphorylation of MIHCK under identical conditions as in A. (C) Effect of Rac on the activity of phosphorylated MIHCK. MIHCK was
fully autophosphorylated by incubation with ATP in the absence of phosphatidylserine and then assayed for 1 min at 20°C in the absence or presence
of 500 mM phosphatidylserine and in the absence or presence of GST–Rac–GTP[gS], as indicated. (D) GTP[gS] dependence of activation of
MIHCK by Rac and Cdc42. Unphosphorylated MIHCK was assayed in the presence of 500 mM phosphatidylserine and in the absence or presence
of Rac, Cdc42, and Rho. All GTP-binding proteins were His-tagged at the N terminus and either in GTP[gS] or in GDP-bound form, as indicated
in the figure. Activity was measured at 20°C for 1 min with Cdc42 and Rho and for 2 min with Rac. All values were normalized to the activity of
MIHCK in the absence of p21s.
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MIHCK also supported lipid-dependent activation by Rac
(Fig. 6B), whereas phosphatidylcholine, sphingosine, and cer-
amide, which did not activate MIHCK, also did not support
Rac activation (data not shown). As with phosphatidylserine,
Rac activation in the presence of phosphatidylinositol and
phosphatidic acid was greatest at low lipid concentrations
(about 5 mM), whereas at least 50 mM linoleic acid was
required to support activation by Rac, which was never greater
than 2- to 3-fold (Fig. 6B).

DISCUSSION

The data presented in this paper place MIHCK in the sub-
family of PAKs activated by small GTP-binding proteins but
with several important differences compared with p21-
activated mammalian PAKs. (i) The basal activity of MIHCK
(6, 7) is much higher than the basal activity of mammalian
PAKs (18, 28, 44) and higher than the activity of fully active
mammalian PAK expressed in E. coli (H.B. and U.K., unpub-
lished data). This and some of the other differences between
MIHCK and mammalian PAKs (see item ii) may be rational-
ized if MIHCK were already partially activated as purified
from the amoeba. Any putative activation could not, however,

be caused by proteolytic removal of the inhibitory N-terminal
region because the N terminus of native MIHCK is blocked to
Edman degradation (11) and is unlikely to be caused by partial
phosphorylation because the essential regulatory site within
the catalytic domain is not detectably phosphorylated (15). (ii)
MIHCK (but not mammalian PAKs) can be maximally auto-
phosphorylated (but more slowly) and thereby fully activated
in the absence of lipids or p21s (6). (iii) Autophosphorylation
(and activation) of mammalian PAKs is stimulated by basic as
well as acidic lipids except for phosphatidylserine (43), whereas
only acidic lipids, including phosphatidylserine, enhance au-
tophosphorylation of MIHCK (ref. 7, and herein). The inabil-
ity of phosphatidylserine to activate mammalian PAK may be
the result of the high Mg21 concentration (10 mM) in the PAK
assay; similar concentrations of Mg21 aggregate phosphatidyl-
serine and inhibit its activation of MIHCK (data not shown).
(iv) p21 activation of MIHCK requires the presence of acidic
lipids (data herein), whereas lipids are not required for p21
activation of mammalian PAKs (18, 28, 44). The absence of a
lipid requirement for p21 activation of mammalian PAKs may
relate to the differences in the CRIB and p21-binding regions
of MIHCK and PAK (Fig. 4). (v) Rac is a more effective
activator than Cdc42 of MIHCK (data herein), whereas Cdc42
activates mammalian PAKs more than Rac (18, 28, 44).

From the sequence of the full-length kinase (data herein)
and the properties of the expressed C-terminal catalytic do-
main (13, 15, 16) and proteolytic fragments of native kinase
(10–12), some reasonable inferences can be made about the
structural basis of the regulation of MIHCK activity. Full-
length, native kinase is partially active and the rate of its
autophosphorylation, which results in full activation, is greatly
enhanced by calciumycalmodulin-inhibited binding to acidic
lipids (6, 7, 10). In contrast, proteolytic fragment F90, which
lacks only the first 100 aa of the native kinase (Fig. 3) and all
shorter fragments that include the full C-terminal catalytic
domain do not bind to acidic lipids or calmodulin. Thus, it
seems highly likely that the stretch of basic amino acids
(residues 59–71; Fig. 2) that precedes the CRIB sequence
(Figs. 2 and 3) is the region to which acidic lipids and
calmodulin (which also is acidic) bind. According to both the
Chou–Fasman and Garnier secondary structure predictions,
residues 54–71 of MIHCK form an a-helix with basic residues
clustered together similar to the regions known to bind cal-
modulin in other calmodulin-binding proteins (for review, see
ref. 45). The observation that calciumycalmodulin is a com-
petitive inhibitor of activation by acidic lipids, rather than an
activator, suggests that hydrophobic interactions involving the
fatty acyl groups of the lipid micelles may be important for
activation. The requirement for acidic lipids for p21-activation
of MIHCK may be explained if the lipids competitively reverse
ionic interactions between the basic, putative lipid-binding site
and neighboring acidic residues that block p21-binding.

The catalytic activities of the MIHCK catalytic domain and
proteolytic fragment F54 (Fig. 3) are enhanced by phospho-
lipid-independent autophosphorylation, which is as rapid as
autophosphorylation of native, full-length MIHCK in the
presence of phospholipid (11, 15). This is probably also true for
proteolytic fragment F90 (Fig. 3), but F90 has been studied
only in digest mixtures containing other fragments (11). These
data indicate that the N-terminal region inhibits MIHCK
autophosphorylation (including autophosphorylation of the
regulatory site within the catalytic domain) and, consequently,
catalytic activity. Moreover, at least a portion, if not all, of the
inhibitory region of MIHCK is almost certainly N-terminal to
F90, i.e., within the first 99 residues (Figs. 3 and 4), which is
different from mammalian PAK whose activity was shown
recently (29) to be inhibited by a peptide corresponding to the
PBD region.

The data presented here and in previous papers (discussed
above) suggest that MIHCK is maintained in a state of low

FIG. 6. Effect of various lipids on the activity of unphosphorylated
MIHCK with and without Rac. (A) The activity of unphosphorylated
MIHCK was assayed at 30°C in the absence (open bars) or presence
of 50 mM (crossed bars) or 500 mM (black bars) phosphatidylserine
(PS), phosphatidylinositol (PI), phosphatidic acid (PA), linoleic acid
(LA), oleic acid (OA), sphingosine (SPH), or ceramide (CER). The
cross-hatched bar (PK) shows the activity of fully phosphorylated
(maximally activated) MIHCK under the same conditions. (B) Acti-
vation of unphosphorylated MIHCK by Rac in the presence of various
lipids. Activity was measured for 1 min at 20°C in the presence of
phosphatidylserine (PS), phosphatidylinisitol (PI), phosphatidic acid
(PA), or linoleic acid (LA) at the indicated concentrations in the
absence (hatched bars) or presence (solid bars) of GST–Rac–
GTP[gS]. The open bar (K) shows the activity of unphosphorylated
MIHCK in the absence of lipid and Rac.
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activity by ionic interactions between its oppositely charged
segments [which include the basic, putative acidic lipid-binding
site, the GluyAsp stretch just before the CRIB motif, the acidic
Pro-rich, basic segment following the CRIB motif, and the
basic, Pro-rich segment after the CRIB motif (Figs. 2 and 3)]
and that inhibition of activity is relieved by autophosphoryla-
tion of multiple sites. If the Pro-rich region were held in a
folded position by ionic interactions between its acidic and
basic regions (perhaps facilitated by interactions between the
acidic and basic regions N-terminal to the CRIB region), the
inhibitory N-terminal region might be brought sufficiently
near the C-terminal catalytic domain to inhibit activity either
by specific interactions or simply by blocking substrate access.
Binding of acidic lipids to the strongly basic a-helix preceding
the CRIB motif may partially disrupt these ionic interactions
(and also uncover the p21-binding site allowing p21 to bind and
further disrupt, perhaps sterically, the inhibitory, folded struc-
ture) facilitating autophosphorylation. Autophosphorylation
of the strongly basic, Pro-rich segment, which becomes heavily
phosphorylated in native kinase (12), would then completely
disrupt the ionic interactions, and the kinase would unfold,
removing the inhibitory N-terminal region from the catalytic
domain. This hypothesis is consistent with the fact that MI-
HCK is activated simply by proteolytic removal of the N-
terminal segment. Unfolding of MIHCK by autophosphory-
lation may also expose the central Pro-rich region and allow it
to interact with other proteins, in particular, perhaps those
with SH3 domains such as myosin I, which is its substrate, and
cytoskeletal proteins.

The proposal that multiple phosphorylations activate MI-
HCK simply by neutralizing ionic interactions by changing the
net charge of regions rich in basic amino acids may be
applicable to other kinases. For example, despite the complete
lack of sequence homology outside of their catalytic domains
and p21-binding regions, Dictyostelium and Acanthamoeba
MIHCK are similarly regulated. Dictyostelium MIHCK also is
activated by acidic phospholipids and small GTP-binding
proteins associated with autophosphorylation of multiple sites
(46). The regulatory region of Dictyostelium MIHCK also has
polarized charged regions, but the order of the charged
segments is reversed with the basic region being N-terminal to
the acidic region (46). Although mammalian PAKs do not have
long, highly charged segments within their regulatory regions,
they do have short stretches of strongly charged basic and
acidic residues suggesting that their inhibitory conformations
may be also maintained by strong ionic interactions (18, 28).

We thank Dr. S. Gutkind (National Institutes of Health) for the
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